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Abstract—Upon photolysis, diiron complexes 1,4- and 1,3-Fp,C¢Hy (1 and 2) linearize plasmid DNA at ratios as low as 1.5 and 3.0
molecules/bp DNA, respectively. Additionally, single-strand cleavage was observed at ratios higher than 0.05 and 0.19 molecules/
bp DNA for 1 and 2, respectively. Radical scavenging studies and metal radical control experiments implicate carbon-centered

radicals as participants in the cleavage pathway.
© 2003 Elsevier Science Ltd. All rights reserved.

The fundamental subunit for which the enediyne anti-
cancer antibiotics are named is perfectly designed for
double-stranded DNA cleavage because of its simulta-
neous production of two radical centers upon cyclo-
aromatization, since the resulting benzenediyl can align
in the minor groove to abstract hydrogen atoms from
opposing strands of duplex DNA.! As a result, most
studies aimed at producing arenediradicals have emu-
lated this and similarly elegant rearrangements;?
although others have taken the alternative approach of
preparing ‘diradical equivalents,’>> aryl moieties func-
tionalized with two independent single radical pre-
cursors. While benzenediyls have been produced and
observed from such species under specialized condi-
tions,® there are few reported examples employing two
non-coupled single radical sources to cleave DNA; and
none has apparently yielded true double-stranded DNA
cleavage.’*

We have previously shown that CpM(CO),,R complexes
in which M=W (r=3) or Fe (n=2) and R=CHj; or
CgH;s cause DNA cleavage via the photolytic generation
of methyl or phenyl radicals.” While the tungsten com-
plexes gave only single-strand cuts, both iron species
yielded form III DNA, presumably arising from the
accumulation of random, proximal single strand events.
As a consequence, we anticipated that the rapid, suc-
cessive photolytic generation of two radical centers on a

*Corresponding author. Tel.: +1-404-727-6738; fax: + 1-404-727-
6586; e-mail: dmohler@emory.edu

single aromatic ring from the corresponding phe-
nyldiiron species might lead to double strand cleavage.
We now report the efficient formation of form III DNA
by the photolysis of 1,4-Fp,CgHy4 (1) and 1,3-Fp,CeHy
(2).
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Compounds 1 and 2 are both readily accessible by dec-
arbonylation of the corresponding phenyldi(acyl-iron)
species, which are prepared from the diacid chlorides
and NaFe(CO),Cp.® The DNA cleaving activity of each
of the complexes was determined using a plasmid
relaxation assay (Fig. 1) to monitor the conversion of
circular supercoiled DNA (form I) to relaxed circular
(form II) and linear DNA (form III).

Each compound was photolyzed through a Pyrex filter
in the presence of pBR322 DNA, and the amount of
each form of DNA was assessed via agarose gel elec-
trophoresis with ethidium bromide staining. Quantita-
tion'? of the bands in these gels indicated that form II
DNA resulting from single strand cleavage was present
at complex concentrations of 1.4 and 5.6 uM for 1 (a,
lane 10) and 2 (b, lane 8), respectively.

Additionally, form IIT DNA was observed for the pho-
tolysis of 1 and 2 at 45 and 90 uM, respectively. These
latter concentrations correspond to 1.5 and 3.0 mol-
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Figure 1. Photoinduced cleavage of pBR322 DNA (30 uM/bp in 10%
DMSO/20 mM Tris buffer, pH 8) by 1 (a) and 2 (b). Lane 1, DNA
alone; lane 2, DNA + complex (90 pM), no irradiation; lane 3, DNA
alone, irradiated; lanes 4 through 12, DNA + complex (90, 45, 22.5,
11.3,5.6,2.8, 1.4, 0.7, and 0.35 uM, respectively). Mixtures in lanes 3—
12 were irradiated with Pyrex-filtered light from a 450 W medium
pressure mercury arc lamp for 20 min.’

ecules/bp, values similar to the ratio reported for the
photoinduced cleavage of DNA by the naturally occur-
ring enediyne dynemicin (0.75 molecules/bp!'!'). How-
ever no reactions of either 1 or 2 with the plasmid
yielded all three forms of DNA simultaneously, the
hallmark of a correlated double-strand event.!%!3 Thus,
the form III DNA obtained from the photolysis of 1
and 2 most likely results from the accumulation of
proximal single strand breaks. Interestingly, neither of
the diiron species was more efficient than the simple
complex CpFe(CO),C¢Hs,” an outcome that is possibly
due to the inabilities of 1 and 2 to align correctly in the
minor groove of duplex DNA.

As with the monometallic complexes, the potential
involvement of carbon-centered radicals in DNA clea-
vage by 1 was investigated by trapping studies (Fig. 2).
Only one equivalent (vs 1) of cysteine, a general radical
trap,'* was required to decrease the extent of strand
scission (lane 5 vs lane 2); and 100 equivalents prevented
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Figure 2. Effects of radical scavengers on the photoinduced cleavage
of pPBR322 DNA (30 pM/bp in 10% DMSO/20 mM Tris buffer, pH 8)
by 1 (90 uM). Lane 1, DNA +complex, no irradiation; lane 2,
DNA + complex; lanes 3-5, DNA + complex + cysteine (100, 10, and 1
equivalents vs metal complex, respectively); lane 6, DNA + complex,
no irradiation; lane 7, DNA +complex; lane 8, DNA + complex + hy-
droxy TEMPO (100 equivalents). Mixtures in lanes 2-5, 7 and 8 were
irradiated with Pyrex-filtered light from a 450 W medium pressure
mercury arc lamp for 20 min.

Figure 3. Relaxation of pBR322 DNA (30 uM/bp in 10% DMSO/20
mM Tris buffer, pH 8) by [CpFe(CO),],. Lanes 1 and 3, DNA alone;
lanes 2 and 4-10, DNA +complex (90, 90, 45, 23, 11, 5.6, 2.8, and 1.4
uM). Reactions in lanes 3—-10 were irradiated with Pyrex-filtered light
from a 450 W medium pressure mercury arc lamp for 20 min.”

nearly all cleavage (lane 3). Excess 4-hydroxy-TEMPO, a
water soluble agent that scavenges carbon-!> and metal-
centered'® radicals but not those based on oxygen, also
reduced the amount of strand scission (lane 8 vs lane 7).

Any significant contribution of metal-centered radicals
to cleavage was ruled out by generating Cp(CO),Fe
radical via the photolysis of the metal-metal bonded
dimer [Cp(CO),Fe],'” in the presence of the plasmid
(Fig. 3). Only a minor amount of single-strand scission
was observed at higher dimer concentrations, and no
form III DNA was observed. The minimal activity
exhibited by [Cp(CO),Fe], probably does not involve
hydrogen atom abstraction by the metal radical, since
this process is disfavored both thermodynamically (as
indicated by the relative bond dissociation energies of the
metal hydrides'® and hydrocarbons'®) and kinetically.?’
Therefore, iron-based radicals are most likely not the pri-
mary active species leading to strand scission by either 1 or
2. This conclusion is consistent with the previous implica-
tion of carbon radicals in DNA cleavage by photolysis of
the monometallic systems CpM(CO),,R.”

While the trapping studies are consistent with the parti-
cipation of carbon-centered radicals in the cleavage
process, these experiments cannot discriminate between
production of the diradical 6 (Scheme 1) and the rapid
successive formation/reaction of two independent radi-
cal centers, as in the conversion of 3 to 4 to 7. The
intermediacy of two radicals (whether simultaneously or
sequentially produced) was indicated by the photolysis
of 1 in THF-dg, which gave rise to a peak with m/z=_80
(GC-MYS), corresponding to a compound with the for-
mula CgHyD»,. Importantly, this signal was not
observed in experiments in non-deuterated solvents; and
while consistent with the abstraction of two deuterium
atoms from solvent, it does not rule out either mechan-
istic sequence. EPR experiments involving the photo-
lysis of 1 in the presence of the spin-trap DMPO?! were
also inconclusive, giving rise to only a weak signal with
hyperfine splittings An=15.5 G and Ag=24.0 G,
values which fall within the reported range for other
substituted and unsubstituted phenyl radical-DMPO
adducts.?> Unfortunately, 1,4-benzenediyl (6) itself is
EPR silent, due to its singlet ground state;?® and all
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Scheme 1. General mechanism for the photolysis of 1.
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attempts to infer its intermediacy by producing its iso-
meric enediyne 5** thermally or photochemically were
unsuccessful. Therefore, on the basis of these experi-
ments, it is impossible to determine whether the second
radical is formed before or after the initial radical
abstracts a hydrogen atom; and there is no kinetic or
quantum yield data for the photolysis (for even the
monometallic species CpFe[CO],Ph) in the chemical lit-
erature to address this issue.

In summary, the photolysis of the diiron phenyl com-
plex 1 or 2 does produce linear form III DNA; however,
this outcome appears to arise from the accumulation of
single-strand damage. This result indicates either that
the diradical is not formed or that it is not positioned
appropriately to abstract hydrogen atoms from oppos-
ing strands of duplex DNA.

References and Notes

1. For lead references: Enediyne Antibiotics as Antitumor
Agents; Border, D. B., Doyle, T. W., Eds. Marcel Dekker:
New York, 1995.

2. (a) For recent examples and lead references: Tuntiwecha-
pikul, W.; David, W. M.; Kumar, D.; Salazar, M.; Kerwin,
S. M. Biochemistry 2002, 41, 5283. (b) Dai, W.-M.; Lai, K. W_;
Wu, A.; Hamaguchi, W.; Lee, M. Y. H.; Zhou, L.; Ishii, A.;
Nishimoto, S. J. Med. Chem. 2002, 45, 758. (c) Jones, G. B.;
Wright, J. M.; Hynd, G.; Wyatt, J. K.; Warner, P. M.; Huber,
R. S.; Li, A.; Kilgore, M. W.; Sticca, R. P.; Pollenz, R. S. J.
Org. Chem. 2002, 67, 5727.

3. Arya, D. P.; Jebaratnam, D. J. Tetrahedron Lett. 1995, 36,
4369.

4. A pyrene diradical equivalent has been reported to yield
form III DNA; however, it is unclear whether this results from
a true double-strand event or an accumulation of single-strand
damage: Suenaga, H.; Nakashima, K.; Mizuno, T.; Takeuchi,
M.; Hamachi, 1.; Shinkai, S. J. Chem. Soc., Perkin Trans. 1
1998, 1263.

5. Srinivasan, V.; Jebaratnam, D. J.; Budil, D. E. J. Org.
Chem. 1999, 64, 5644.

6. (a) For examples: Diau, E. W.-G.; Casanova, J.; Roberts,
J. D.; Zewail, A. H. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,
1376. (b) Sandler, W Acc. Chem. Res. 1999, 32, 669.

7. (a) Mohler, D. L.; Barnhardt, E. K.; Hurley, A. L. J. Org.
Chem. 2002, 67, 4982. (b) Mohler, D. L.; Dain, D. R.; Ker-
ekes, A. D.; Nadler, W. R.; Scott, T. L. Bioorg. Med. Chem.
Lett. 1998, 8, 871.

8. Hunter, A. D.; Szigety, A. B. Organometallics 1989, 8,
2670.

9. Based on the lamp manufacturer’s data, the photon flux at
wavelengths between 320 and 400 nm is estimated to be
5x101 s~ 1,

10. Densitometry was accomplished with the NIH Imagel
software program. The amount of supercoiled DNA was
multiplied by a factor of 1.22 to account for reduced ethidium
bromide intercalation into the form I plasmid DNA.

11. Shiraki, T.; Sugiura, Y. Biochemistry 1990, 29, 9795.

12. Povirk, L. F.; Wiibker, W.; Kohnlein, W.; Hutchinson, F.
Nucleic Acids Res. 1977, 4, 3573.

13. Based on the reported limit of detection of DNA via
photography of ethidium bromide stained gels (1 ng: see
Tuma, R. S.; Beaudet, M. P.; Jin, X; Jones, L. J.; Cheung, C.-
Y.; Yue, S.; Singer V. L. Anal. Biochem. 1999, 268, 278), we
are able to detect as little as 0.25% of our total DNA (400.2 ng
in each reaction lane).

14. Huston, P.; Espenson, J. H.; Bakac, A. Inorg. Chem. 1992,
31, 720.

15. Connolly, T. J.; Baldovi, M. V.; Scaiano, J. C. Tetra-
hedron Lett. 1996, 37, 4919.

16. Tenhaeff, S. C.; Covert, K. J.; Castellani, M. P.; Grunke-
meier, J.; Kunz, C.; Weakley, T. J. R.; Koenig, T.; Tyler, D. T.
Organometallics 1993, 12, 5000.

17. Bitterwolf, T. E. Coord. Chem. Rev. 2000, 206-207, 417,
and references therein.

18. Tilset, M.; Parker, V. D. J. Am. Chem. Soc. 1989, 111,
6711.

19. (a) Golden, D. M.; Benson, S. W. Chem. Rev. 1969, 69,
125. (b) Chamberlain, G. A.; Whittle, E. Trans. Faraday Soc.
1971, 67, 2077.

20. Kinetic studies of the reverse reaction: Franz, J. A.; Lin-
ehan, J. C.; Birnbaum, J. C.; Hicks, K. W.; Alnajjar, M. S. J.
Am. Chem. Soc. 1999, 121, 9824, and references therein..

21. We than Prof. Kurt Warncke (Emory Physics) for EPR
measurements.

22. Buettner, G. R. Fr. Rad. Biol. Med. 1987, 3, 259.

23. Clark, A. E.; Davidson, E. R. J. Am. Chem. Soc. 2001,
123, 10691, and references therein.

24. Diau, E. W.-G.; Casanova, J.; Roberts, J. D.; Zewalil,
A. H. Proc. Nat. Acad. Sci. U.S.A. 2000, 97, 1376, and refer-
ences therein.



	Photoinduced DNA cleavage by benzenediradical equivalents1,3- and 1,4-Bis(dicarbonylcyclopentadienyliron)benzene
	References and Notes


